To identify patients at increased risk of cardiovascular (CV) outcomes, apparent treatment-resistant hypertension (aTRH) is defined as having a blood pressure above goal despite the use of 3 or more antihypertensive therapies of different classes at maximally tolerated doses, ideally including a diuretic. Recent epidemiologic studies in selected populations estimated the prevalence of aTRH as 10% to 15% among patients with hypertension and that aTRH is associated with elevated risk of CV and renal outcomes. Additionally, aTRH and CKD are associated. Although the pathogenesis of aTRH is multifactorial, the kidney is believed to play a significant role. Increased volume expansion, aldosterone concentration, mineralocorticoid receptor activity, arterial stiffness, and sympathetic nervous system activity are central to the pathogenesis of aTRH and are targets of therapies. Although diuretics form the basis of therapy in aTRH, pathophysiologic and clinical data suggest an important role for aldosterone antagonism. Interventional techniques, such as renal denervation and carotid baroreceptor activation, modulate the sympathetic nervous system and are currently in phase III trials for the treatment of aTRH. These technologies are as yet unproven and have not been investigated in relationship to CV outcomes or in patients with CKD.
Introduction
Hypertension is the number one attributable risk factor for cardiovascular (CV) disease and is responsible for over half of the estimated 17 million deaths per year resulting from CV disease worldwide. 1 Every 20/10 mm Hg increase in blood pressure (BP) correlates with a doubling of CV mortality. 2 Beyond mortality, hypertension is a significant risk factor for CV morbidity, including stroke, myocardial infarction, heart failure, and renal failure. 3 These events occur at higher rates in individuals with apparent treatment-resistant hypertension (aTRH) 4 and in individuals with chronic kidney disease (CKD). aTRH is particularly prevalent in patients with CKD. 5 This review will discuss the role of clinical and subclinical kidney disease in the epidemiology, pathogenesis, and treatment of aTRH.
Definition of Resistant Hypertension
To identify a subset of patients at increased CV risk who may benefit from special therapeutic considerations, the American Heart Association (AHA) defined resistant hypertension in a 2008 scientific statement as BP that remains above goal despite the use of 3 optimally dosed antihypertensive agents of different classes. 6 By these terms, resistant hypertension includes patients at goal BP using 4 or more antihypertensive agents. Implicit in this definition is the exclusion of causes of pseudoresistant hypertension, including white-coat hypertension, medication nonadherence, and improper BP measurement technique. To effectively exclude causes of pseudoresistant hypertension, current guidelines recommend obtaining either home BPs or, if available, ambulatory BPs. 6, 7 Furthermore, patient compliance with antihypertensive therapy should be assessed by medication reconciliation and questioning family members. 7 Definition of aTRH aTRH has been coined to comprise patients meeting the AHA definition of resistant hypertension in whom causes for pseudoresistance have not been thoroughly investigated. 8 Given that the vast majority of studies on resistant hypertension in the literature do not completely address pseudoresistance, we will use the term aTRH for the rest of this review unless pseudoresistance has been specifically excluded.
Epidemiology of aTRH
The prevalence of resistant hypertension is ill-defined. The accuracy of past estimates is complicated by a number of factors, including lack of a uniform definition for hypertension resistance, presence of referral bias in observed clinical cohorts, and the likely inclusion of individuals with pseudoresistant hypertension in observational studies. More recently, large prospective cohort studies have investigated the incidence and prevalence of aTRH. Daugherty and colleagues 9 examined the incidence of aTRH among patients in the combined Kaiser Northern California and Kaiser Colorado databases. Among 205,750 newly diagnosed hypertensive patients, 1.9% were found to have aTRH, defined as uncontrolled BP on 3 or more antihypertensive medications or controlled BP on 4 or more antihypertensive medications, plus at least 80% medication adherence at 1.5 years of follow-up. Among those taking 3 medications or more for at least 1 month, the prevalence of aTRH was 16.2%. 9 Given that medication noncompliance is likely the most common cause of pseudoresistance, the study by Daugherty 11 Thus, aTRH appears to affect about 12% of hypertensive adults, an estimated 8 million individuals in the United States.
CKD and aTRH
Among patients with hypertension, CKD is a common comorbidity with a prevalence of 32% in those with diagnosed hypertension and 24% in those with undiagnosed hypertension.
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Among those with aTRH, prospective cohort studies demonstrate remarkable consistency in the prevalence of CKD. In the REACH Registry, the prevalence of CKD at baseline, defined as estimated glomerular filtration rate (eGFR) less than 60 mL/min/1.73 m 2 , was 40.1%, whereas in 1999 to 2004 and 2005 to 2008, NHANES data showed a prevalence of 36.1% and 37.8%, respectively, among those with aTRH. Furthermore, Egan and colleagues reported an eGFR less than 60 mL/min/1.73 m 2 and albumin-tocreatinine ratio (ACR) greater than 300 mg/g to be associated with an increased odds ratio for aTRH among patients with hypertension. 10 Thus, among patients with aTRH, CKD is common and proteinuria is associated with increased risk for aTRH in patients with hypertension.
Conversely, those with CKD have increased risk of aTRH: an analysis from the Reasons for Geographic and Racial Differences in Stroke (REGARDS) cohort study demonstrated an increasing prevalence and risk of aTRH among patients with lower eGFR and higher ACR (Table 1) . 13 Among patients with CKD, an elevated ACR in the setting of normal eGFR was also associated with an increased prevalence of aTRH. Thus, aTRH and CKD are commonly comorbid. However, given that not all patients with aTRH have CKD and not all patients with CKD have aTRH, it is likely that mechanisms indirectly related to or independent of the kidney contribute to the pathophysiology of aTRH.
Proposed Pathophysiology of aTRH
The pathophysiology of aTRH is multifactorial (Fig 1) , and the degree to which culpable factors contribute to treatment resistance likely varies among individuals. The kidney is believed to play a significant role in the pathogenesis of aTRH. The interplay between volume expansion, aldosterone, mineralocorticoid receptor (MR) activity, the sympathetic nervous system (SNS), and arterial stiffness are highlighted subsequently.
Volume Expansion
The volume expansion that accompanies CKD contributes significantly to hypertension. Johnson and colleagues have suggested that primary subclinical renal microvascular disease leading to afferent arteriolopathy and tubulointerstitial disease may be responsible for the development of salt-sensitive hypertension.
14 Progressive tubulointerstitial disease will eventually result in microalbuminuria before the development of clinically apparent impairment of glomerular filtration. Concurrent microvascular damage is thought to result in renal vasoconstriction and subsequent local generation of angiotensin II. The resulting increased vascular resistance, reduced rate of ultrafiltration, and decreased sodium excretion cause sodium retention, volume expansion, and hypertension (Fig 2) . 15 Additional inciting factors leading to subclinical microvascular injury include sympathetic overactivity, increased activity of the renin-angiotensin axis, decreased production of nitric oxide (NO), low potassium diet, 16, 17 and presence of long-standing hypertension itself. Furthermore, these insults may be potentiated by known genetic factors affecting renal sodium handling and renin-angiotensin activity. 18, 19 Aldosterone and the Mineralocorticoid Receptor Although the central roles of renin, angiotensin, and angiotensin II in the pathophysiology of hypertension have been well appreciated, the role of aldosterone has recently received increased attention. Up to 20% of patients consecutively referred to a hypertension clinic for aTRH were diagnosed with primary hyperaldosteronism based on suppressed renin activity and high 24-hour urinary aldosterone excretion. 20 Aldosterone is produced in the adrenal glands in response to local and systemic angiotensin II and serum potassium concentrations. It binds MRs found in the CLINICAL SUMMARY Apparent treatment resistant hypertension is common and increasing in prevalence.
CKD and albuminuria are significantly associated with aTRH, and aTRH is associated with adverse renal and cardiovascular outcomes.
Multiple biologic mechanisms contribute to aTRH, including volume expansion, mineralocorticoid receptor activity, arterial stiffness, and sympathetic nervous system activity.
Carotid baroreceptor modulation and renal denervation are novel non-pharmacologic therapies under development for the treatment of resistant hypertension.
nephron and cardiomyocytes, cardiac fibroblasts, and vascular smooth muscle cells (Fig 2) . 21, 22 The widespread locations of the MR are thought to explain the pleiotropic effects of aldosterone, including salt reabsorption, cardiac fibrosis, and vascular hypertrophy and inflammation resulting in reduced NO availability. Vascular inflammation leads to vascular fibrosis, whereas NO reduction leads to endothelial dysfunction and vasoconstriction. These pathologic changes may be central to increased vascular stiffness evidenced by increased pulse wave velocity seen in hypertension. 23 Importantly, elevated plasma aldosterone level is not the only mechanism by which increased MR activity occurs. In the setting of CKD, the small GTPase protein Rac-1 also increases MR activation, causing hypertension. 22 Thus, MR-mediated hypertension is possible even in patients with normal aldosterone concentrations. Indeed, among 1688 nonhypertensive patients in the Framingham Heart Study, baseline plasma aldosterone levels predicted progression to hypertension, even among patients with normal aldosterone concentrations at baseline. 24 Volume Expansion, Aldosterone, and CKD Both animal and human data have confirmed the importance of aldosterone in the pathogenesis and progression of CKD. In states of chronic volume expansion, which is often observed in CKD, the relationship between extracellular volume and plasma aldosterone is Resistant HTN and CKD altered. In an animal model of renal injury, there is a 10-fold increase in plasma aldosterone concentration that is dissociated from renin and angiotensin II levels. 25 In a study comparing extracellular volume and plasma aldosterone concentration between 18 healthy controls and 18 patients with ESRD, patients with ESRD had higher plasma aldosterone concentrations at each level of extracellular fluid volume. 26 Thus, CKD and its associated volume expansion are associated with elevated levels of plasma aldosterone that can exacerbate hypertension.
In addition to volume expansion, potential mechanisms of elevated aldosterone signaling in patients with CKD include hyperkalemia, NO synthase inhibition, and metabolic syndrome. Hyperkalemia directly stimulates aldosterone secretion. Independent of aldosterone, patients with CKD are known to have inhibitors of NO in their serum 27 and NO synthase inhibition results in increased aldosterone secretion. 28 Finally, patients with metabolic syndrome have demonstrated adipose-mediated aldosterone excess. 29 Taken together, these data suggest that CKD increases aldosterone levels and aldosterone in turn promotes hypertension through pleiotropic mechanisms.
Arterial Stiffness, Volume Expansion, Aldosterone, and CKD Recently, multiple small studies have evaluated the role of arterial stiffness in aTRH and resistant hypertension. 30, 31 In a study of 90 consecutive patients with true resistant hypertension, patients with uncontrolled BP had higher aldosterone levels, greater left ventricular hypertrophy, and greater arterial stiffness. 31 Additionally, vascular stiffness as assessed by aortic pulse-wave velocity is a known predictor of incident hypertension and increasing systolic blood pressure (SBP). 32 Furthermore, increased aortic stiffness as assessed by pulse wave velocity is independently predictive of increase morbidity, CV mortality, and all-cause mortality in patients with hypertension. 33, 34 Although the exact mechanisms of aortic stiffening are incompletely understood, blood aldosterone synthase, ACE polymorphisms, [35] [36] [37] and volume status have been independently associated with pulse wave velocity. 38 Given the roles of aldosterone, angiotensin, and volume expansion in CKD, it is unsurprising that patients with CKD have increased aortic stiffness. 39 In fact, in those with mild-to-severe CKD, aortic stiffness is associated with reductions in creatinine clearance independent of mean arterial pressure and other CV risk factors. 40 In its role as a potential nexus between CV and renal pathologies underlying aTRH, arterial stiffness represents an alternative target of antihypertensive therapy. Currently available antihypertensives classes have differential effects on aortic stiffness as measured by pulse wave velocity, with beta-blockers and diuretics being less effective than angiotensin-converting enzyme inhibitor (ACE-I), calcium channel blockers, direct renin inhibitors, and aldosterone antagonists. 41 Although further work is necessary to fully elucidate the contribution of arterial stiffness to treatment Vemulapalli et al resistance, novel therapies directed at reversing arterial stiffness may hold promise in the treatment of resistant hypertension. 42 Role of the SNS in aTRH Recent animal and human studies have advanced our understanding of the role of the SNS in the pathogenesis of hypertension. The central SNS enervates the kidneys via efferent fibers originating in the thoracic and lumbar sympathetic trunks and receives signaling via afferent fibers from mechanoreceptors and chemoreceptors of the renal pelvis. Efferent fibers located in the adventitia of the renal vasculature release norepinephrine, adenosine triphosphate, and neuropeptide Y, causing increasing tubular sodium reabsorption, reduced renal blood flow, and increased renin release via a1 and b1 adrenoceptor stimulation. 43, 44 Increased renin release subsequently causes further activation of the SNS and aldosterone production via the actions of angiotensin II (Fig 2) , which increases BP.
SNS and CKD
Ishii and colleagues first demonstrated elevated plasma catecholamines in patients with CKD in 1983. 45 After this observation, Converse and colleagues 46 demonstrated the importance of afferent renal signaling by noting that bilateral nephrectomy reduces sympathetic activity to normal levels. Further studies have demonstrated that elevated sympathetic activity, mediated by renal damage and signaling via afferent renal nerves, is pathophysiologically important in patients with CKD. 47 Lastly, Grassi and colleagues 48 have shown that the level of adrenergic activation varies directly with the severity of CKD and, thus, inversely with the eGFR. The mechanisms by which renal injury causes activation of the SNS are incompletely understood; however, renal ischemia has been shown to cause mechanoreceptor and chemoreceptor release of adenosine, which in turn activate renal afferent neurons. In concert with the induction of the renin-angiotensin-aldosterone system (RAAS) and the production of angiotensin II, renal ischemia results in sympathetic stimulation. 49 Patients with CKD are also known to have reduced NO bioavailability as a result of inflammation, oxidative stress, and uremic toxins. 50 Because NO is responsible for tonic inhibition of the SNS, NO deficiency is thought to cause sympathetic overactivity and increased asymmetric dimethylarginine in patients with CKD, thus potentially contributing to hypertension. Notably, asymmetric dimethylarginine levels correlate with plasma norepinephrine levels, left ventricular hypertrophy, and left ventricular dysfunction. 50 Thus, over time, multiple mechanisms of chronic SNS stimulation play a role in the development of hypertension.
aTRH and CV Risk
Although hypertension is estimated to be responsible for 17 million deaths per year worldwide 1 In the Kaiser study of a broader population of aTRH with a median follow-up of 3.8 years, a composite of CV events, defined as death, myocardial infarction, congestive heart failure, stroke, or CKD, was significantly higher in the aTRH group after adjustment for patient and clinical characteristics (hazard ratio 1.47, 95% CI 1.33-1.62). 9 Notably, when the development of CKD was excluded, aTRH was no longer associated with an increased risk for adverse CV outcomes (adjusted hazard ratio 1.18; 95% CI 0.98-1.43, P ¼ .09). 9 Given the known link between BP and adverse CV outcomes, the Kaiser data suggest that either larger or higher risk cohorts of aTRH patients may be necessary to fully uncover the relationship between aTRH and CV outcomes.
Indeed, in a higher CV risk population of 436 patients with CKD, recent observational data by De Nicola and colleagues 5 suggests that patients with resistant hypertension, defined as 24-hour mean ambulatory blood pressure monitoring (ABPM) of 125/75 mm Hg or more and office BP of 130/80 mm Hg or more, despite adherence to 3 or more full-dose antihypertensive drugs including a diuretic agent, or 4 or more drugs, experience higher rates of CV events at 7 years of follow-up. CV events, defined as a composite of CV death or nonfatal CV event that required hospital stay (myocardial infarction, congestive heart failure, stroke, revascularization, peripheral vascular disease, and nontraumatic amputation) occurred in 25 (21.2%), 8 (25.8%), and 36 (36.0%) patients in controlled, pseudoresistant, and true resistance groups, respectively (P ¼ .0007).
aTRH and Renal Risk
Although hypertension is a known risk factor for CKD and ESRD, robust data investigating the relationship between aTRH and renal outcomes are scant. Among 436 patients with CKD and 7 years of follow-up, De Nicola and colleagues 5 noted a stepwise progression in the risk of renal events, including ESRD or death, among patients with controlled (21.2%), pseudoresistant (16.1%), and true resistant hypertension (57%; P , .0001). A larger analysis from the REGARDS study with 6.4 years of median follow-up found that the hazard ratio for ESRD comparing hypertensive participants with aTRH with those without aTRH was 6.32 (95% CI 4.30-9.30). 51 Furthermore, in a separate clinic-based study of 300 patients with CKD, aTRH was associated with an increased risk of a composite outcome of dialysis, kidney transplantation, or death (hazard ratio ¼ 1.85, 95% CI 1.13-3.03). 52 Thus, the current literature suggests a strong association between aTRH and renal outcomes and a weaker association between aTRH and stroke or cardiac outcomes compared with non-aTRH.
Treatment of aTRH
In light of the risk of adverse CV outcomes associated with aTRH, a comprehensive treatment plan must address the multifactorial aspects of disease pathogenesis.
Salt Restriction
Although salt restriction has been shown to reduce BP in patients with and without hypertension, 53 the role of salt restriction in the treatment of aTRH has been less well investigated. An analysis from the REGARDS cohort indicated that among patients with aTRH, the prevalence of low-Dietary Approaches to Stop Hypertension (DASH) diet score was 23.1%, and 25.4% had high Na/K intake. After adjustment for age, sex, race, and geographic region of residence, neither of these lifestyle factors were associated with aTRH. Nevertheless, a single, small, randomized crossover study of 12 patients with aTRH compared a low sodium diet (50 mmol/d 3 7 days) (vs) a high sodium diet (250 mmol/d 3 7 days). 54 Low compared with highsalt diet decreased office SBP and diastolic blood pressure (DBP) by 22.7 and 9.1 mm Hg, respectively. Plasma renin activity increased, whereas brain natriuretic peptide and creatinine clearance decreased during low-salt intake, indicative of intravascular volume reduction. Although no data for salt restriction in patients with CKD and aTRH exist, given that patients with CKD have impaired sodium excretion and subsequent volume expansion, it is likely that salt restriction will be effective in reducing BP among patients with CKD and aTRH.
Although other nonpharmacologic interventions for BP lowering, such as weight loss in overweight/obesity and the DASH dietary pattern, 55 have not been specifically tested in aTRH, given that their effects are greatest in those with the highest BP, one would expect these lifestyle treatments to be effective in aTRH as well. Similarly, lifestyle treatments have not been tested in patients with CKD. In light of the tendency for malnutrition and hyperkalemia in CKD, which could be exacerbated by weight loss and DASH dietary pattern, respectively, additional research is needed before recommending these interventions for patients with aTRH in the presence of CKD.
Pharmacotherapy: Diuretics
Given consistent evidence of reduced morbidity and mortality with diuretic treatment of hypertension, all major societal guidelines currently emphasize the importance of diuretic therapy. 6, 7, 56, 57 The apparent role of volume expansion in the pathophysiology of aTRH suggests that diuretics may be particularly important in this setting. Choice of diuretic class is primarily determined by eGFR, with thiazide diuretics being used preferentially for patients with eGFR of 30 mL/min/1.73 m 2 or more and loop diuretics preferred for patients with lesser eGFR. 58 Among thiazide diuretics, significant controversy exists regarding the comparative effectiveness of indapamide, hydrochlorothiazide, and chlorthalidone. Currently, no randomized head-to-head comparison of these agents exists, and various meta-analyses have found either no difference between agents 59,60 or a benefit in ambulatory BP reduction and CV outcomes with chlorthalidone. 61, 62 As a result, although the AHA Scientific Statement on Resistant Hypertension preferentially recommends chlorthalidone 6 and the American Society of Hypertension position article notes that chlorthalidone is more potent and longer acting than hydrochlorothiazide, 7 the European Society of Hypertension suggest there is insufficient data to recommend 1 agent over the other. 57 However, because of its superior potency, longer half-life, and evidence base for improved CV outcomes, we advocate the use of chlorthalidone as the diuretic agent of choice in patients with eGFR of 30 mL/min/1.73 m 2 or more and the use of loop diuretics in patients with eGFR less than 30 mL/min/1.73 m 2 . Though the comparative effectiveness of thiazide diuretics for the treatment of hypertension and aTRH remains an open question, diuretic use and dosing appears to be a stumbling block to achieve BP control in aTRH. Despite the recommended use of diuretics, a study of patients referred to the Rush University Hypertension Clinic noted that lack of BP control was most often because of suboptimal diuretic use, suboptimal diuretic dosing, or inappropriate diuretic class for eGFR. 63 Subsequent observational analyses of NHANES data (2005 to 2008) indicate that only 83.9% (76.0%-89.5%) of patients with uncontrolled BP on 3 or more medications were taking a diuretic. 10 
Pharmacotherapy: Nondiuretics
Beyond the role of diuretics, little data exist to guide practitioners regarding the choice of subsequent antihypertensives in patients with aTRH. Currently, there are no clinical trials assessing the comparative effectiveness of antihypertensive classes in patients with aTRH and CKD. However, a meta-analysis of randomized controlled trials of BP lowering and major CV events in patients with CKD and hypertension found that there was no significant difference between agents in reduction of CV events after taking into account small differences in BP reductions achieved. 64 Given the observed prevalence of hyperaldosteronism among patients with aTRH, existing data regarding addon antihypertensive therapy has focused on the role of aldosterone antagonism. Nonrandomized trial data for this strategy include a study of 76 patients both with and without hyperaldosteronism referred to a hypertension clinic while on a regimen of a diuretic plus an ACE-I or angiotensin receptor blocker. Addition of low-dose spironolactone was associated with a 21/10 mm Hg reduction in BP at 6 weeks and 25/12 mm Hg reduction at 6-month follow-up. 65 Furthermore, in a secondary analysis of Anglo-Scandinavian Cardiac Outcomes Trial Blood Pressure Lowering Arm, spironolactone was associated with a 21.9/9.5 mm Hg reduction in BP (95% CI 20.8 to 23.0/ 9.0 to 10.1 mm Hg; P , .001). 66 The subsequent Addition of Spironolactone in Patients With Resistant Arterial Hypertension trial randomized patients with aTRH to spironolactone 25 mg (vs) placebo and demonstrated a mean decrease in daytime systolic ambulatory BP of 5.4 mm Hg (P ¼ .02) and 24-hour systolic ambulatory BP (9.8 mm Hg, P ¼ .01) and night-time systolic ambulatory BP (8.6 mm Hg, P ¼ .01) at 8 weeks of therapy.
In light of the contribution of hyperaldosteronism and upregulation of the renin-aldosterone system to the pathophysiology of aTRH, Bobrie and colleagues conducted a prospective, randomized trial of sequential diuretic use (vs) sequential RAAS blockade. Patients on maximum tolerated doses of thiazide diuretic, angiotensin receptor blocker, and calcium channel blocker and mean daytime ambulatory SBP of 135 mm Hg or more were randomized to either sequential nephron blockade with stepped addition of aldosterone antagonist, loop diuretic, and potassium sparing diuretic or sequential RAAS blockade with ACE-I and beta-blocker. Notably, patients with contraindications to the study medication or eGFR less than 40 mL/ min/1.73 m 2 were excluded. After 12 weeks of therapy, mean daytime ambulatory SBP fell by 18 mm Hg (150 6 14 to 132 6 17 mm Hg) with sequential nephron blockade and by 8 mm Hg (151 6 13 to 143 6 17 mm Hg) with sequential RAAS blockade (P , .0001). Serious adverse events did not differ significantly between groups. 67 Thus, sequential diuretic use appeared to be more effective than sequential RAAS blockade for BP lowering without any excess in adverse events.
The safety and efficacy of the use of aldosterone antagonists in patients with stages 2 and 3 CKD has been evaluated in 2 small retrospective studies. 68, 69 In 32 patients with Stage 3 CKD referred to a hypertension clinic and treated with spironolactone (n ¼ 32) or eplerenone (n ¼ 4), the mean SBP dropped from 162 6 22 to 138 6 14 mm Hg (P , .0001) and the mean DBP dropped from 87 6 17 to 74 6 12 mm Hg over a median followup of 312 days. Notably, serum potassium increased from 4.0 6 0.5 to 4.4 6 0.5 mEq/L (P ¼.0001), with the highest value being 5.8 mEq/L. There was 1 case of acute renal failure and 3 cases of significant hyperkalemia. 68 Additionally, a prespecified secondary analysis of patients with heart failure with reduced ejection fraction and eGFR range of 30 to 59 mL/min/1.73 m 2 treated with eplerenone showed an increased risk of potassium greater than 5.5 mmol/L but not of potassium greater than 6.0 mmol/L or hospitalization for hyperkalemia or discontinuation of eplerenone. 70 Consequently, in patients with eGFR of 30 mL/min/1.73 m 2 or more and not limited by baseline hyperkalemia, we recommend the addition of an aldosterone antagonist (spironolactone or eplerenone) as an add-on agent with ongoing potassium and creatinine monitoring.
Interventional Therapy: Device Based Sympathetic Modulation
Renal Denervation Existing classes of pharmacotherapy address the pathologic contributions of volume expansion, upregulated RAAS, and hyperaldosteronism that lead to renal microvascular injury and aTRH. Until recently, beta-blockers, central alpha agonists, and peripheral alpha antagonists were the only clinically available antihypertensives thought to block sympathetic overactivity. However, studies of the effects of beta-blockade on markers of SNS activity have shown varying levels of effectiveness of SNS blockade. 71, 72 Additionally, administration of the central alpha-adrenergic agonist clonidine has been demonstrated to reduce plasma catecholamines in animals and humans. 73, 74 However, remaining sympathetic activity, despite the presence of clonidine, may continue to contribute to hypertension. 75 Before modern pharmacotherapy, surgical radical sympathectomy was used to treat malignant hypertension. In an observational study, 1266 patients who underwent nonselective open surgical sympathectomy had improved survival and BP control compared with 467 patients treated conventionally. 76 However, because of high surgical morbidity and mortality and the advent of effective pharmacotherapy for hypertension, surgical sympathectomy was largely abandoned.
Contemporary minimally invasive vascular intervention techniques have allowed for delivery of radiofrequency or ultrasound energy via steerable catheters to produce selective renal sympathetic denervation. Pathology studies in swine 6 months after renal denervation indicate that first-generation devices currently available in Europe produce 10%-25% fibrosis of the intimal media and underlying adventitia. This results in renal nerve fibrosis and thickening of the epineurium and perineurium with minimal disruption of the external elastic lamina and no significant smooth muscle hyperplasia or inflammation. 77 Further studies of renal denervation in animal models of hypertension have demonstrated marked reductions in BP. 78, 79 Although multiple device companies have been approved in Europe based on nonrandomized observational studies, randomized human data examining renal denervation in aTRH have until recently been limited to the SYMPLICITY HTN-2 trial. In this international study, 106 patients with eGFR of 45 mL/min/1.73 m 2 or more and aTRH, defined as a stable drug regimen of 3 1 antihypertensive medications and an office SBP of 160 mm Hg, were randomized 1:1 to continued medical therapy (vs) catheter-based renal denervation. Baseline BP was 178/96 mm Hg and 178/97 mm Hg in the denervation and control group, respectively. At 6 months, office BP decreased by 32/12 mm Hg (623/11 mm Hg) in the renal denervation group (P , .0001) and by 1/0 mm Hg (621/ 10 mm Hg) in the medical therapy group (P ¼ .77 systolic and P ¼.83 diastolic). Intergroup differences in BP were 33 of 11 (P ,.0001) and 84% of patients who underwent renal denervation had a reduction in SBP of 10 mmHg or more compared with 35% of controls (P , .0001). 80 Importantly, adverse events included 1 case of femoral artery pseudoaneurysm, 7 cases of intraprocedural bradycardia necessitating atropine, and 1 case of postprocedural hypotension requiring a reduction in antihypertensive doses. The effect appeared to be durable at 12 months, and patients who crossed over from the medical therapy arm to the denervation arm at 6 months experienced a similar BP response to the original denervation arm. 81 Although SYMPLICITY HTN-2 excluded patients with eGFR less than 45 mL/min/1.73 m 2 , nonrandomized, observational data suggest that renal denervation is effective and safe in patients with lower eGFR. 82, 83 Bilateral renal denervation in 15 patients with Stage 3 to 4 CKD (mean eGFR 31 mL/min/1.73 m 2 ) and aTRH resulted in mean changes in office SBP and DBP at 1, 3, 6, and 12 months of 234/214, 225/211, 232/215, and 233/ 219 mm Hg, respectively. CO 2 angiography was used in 6 patients to limit contrast exposure, but no significant change in eGFR was noted with renal denervation, irrespective of the use of CO 2 angiography. 82 Importantly, despite the apparent efficacy of renal denervation for the treatment of aTRH in the SYMPLICITY HTN-2 trial and in small, proof-of concept studies in CKD, several important study design limitations affect interpretation of the results of these studies. Although randomized, patients in the medical therapy (control arm) of SYMPLICITY HTN-2 did not undergo sham procedures and, thus, placebo effect and measurement bias cannot be ruled out. Second, patients with secondary hypertension and white coat hypertension were not explicitly excluded, and third, 24-hour ambulatory SBP was reduced by only 11 mm Hg. Although the discrepancy in office and ambulatory BP reduction may be the result of a failure to exclude white coat hypertension, similar discrepancies in antihypertensive drug trials have been because of a lack of blinding and lack of placebo control. 84 As a result, institution of blinding and placebo control in trial design has attenuated office BP reductions and has left ambulatory BP reductions unchanged in antihypertensive drug trials.
In response to these concerns, the SYMPLICITY HTN-3 trial randomized 535 patients with eGFR of 45 mL/min/ 1.73 m 2 or more and aTRH, as defined by treatment with 3 optimally dosed antihypertensives (including a diuretic), SBP of 160 or more, and average ABPM of 135 mm Hg or more, to catheter-based renal denervation or sham procedure. 85 The prespecified primary efficacy end point was the difference in change in office BP from baseline to 6 months between the denervation and sham procedure arms. The secondary efficacy end point was change in mean 24-hour ambulatory BP from baseline to 6 months between the denervation and sham procedure arms. The primary safety end point was the incidence of major adverse events. There was no significant difference between groups in the change in office (22.39 mm Hg; 95% CI 26.89 to 2.12; P ¼ .26) or ambulatory BP (21.96 mm Hg; 95% CI 24.97 to 1.06; P ¼ .98) at 6 months. Additionally, there was no significant difference in major adverse events (death, end-stage renal disease, embolic event causing end organ damage, vascular complications, hypertensive crisis within 30 days, or new renal artery stenosis of .70% within 6 months) between groups (1.4% (vs) 0.6%, difference of 0.8%; 95% CI 20.9% to 2.5%; P ¼ .67). 86 Although superior study design may explain the discrepancy between the results of SYMPLICITY HTN-3 and previous studies of renal denervation, a number of other factors may also contribute. First, analysis of the SYM-PLICITY HTN-3 results reveals that office BPs changed by 214. 13 86 Second, there is currently no clinically available method for determining the efficacy of energy delivery in causing renal denervation. Although early animal and human studies have used norepinephrine spillover and muscle sympathetic nerve activity to document reductions in sympathetic tone after denervation, later studies, such as SYMPLICITY HTN-2 and SYMPLICITY HTN-3, have not used these tests because of their limited availability. As a result, it is unclear whether effective denervation was achieved in the SYMPLICITY HTN-3 trial, although the same catheter system was used as in previous studies. Interestingly, renal artery notching, a marker of sufficient energy delivery to cause arterial spasm, was only noted in 58.6% of patients. 86 Regardless of the reason for the discrepancy between SYMPLICITY HTN-3 and earlier studies, these sobering results signify that clinical implementation of RDN will require 1 or both of the following: (1) significant improvement in achieving clinical denervation and (2) identification of subgroups of patients for whom this technique is effective. Additionally, clinicians, patients, and society as a whole will need to balance the magnitude of any BP effect against the risks and costs of the procedure. As a result, future avenues of research should focus on techniques to provide operator feedback regarding the efficacy of denervation and/or testing RDN in subgroup populations.
Carotid Baroreceptor Activation
Sympathetic modulation via carotid baroreceptor activation has also been investigated in patients with aTRH. Current-generation carotid baroreceptor devices comprising electrodes implanted on the carotid body connected to a generator implanted subcutaneously. The Rheos Pivotal Trial implanted 265 patients with aTRH and subsequently randomized them 2:1 to baroreceptor activation therapy for 6 months (group A) or delayed baroreceptor activity after 6 months (group B). The trial met a secondary end point of sustained efficacy at 6 months (42% in group A (vs) 24% in group B achieved SBP of 140 mm Hg or less at 6 months (P ¼ .005). However, procedural complications included nerve injury with residual deficit (4.8%), respiratory complications (2.6%), and wound complications (2.6%). 87 A nonrandomized follow-up analysis documented 76% clinical response at 22 to 55 months with an average BP reduction of 35/ 16 mm Hg. 88 Of note, serum creatinine increased from 0.86-0.92 mg/dL, and eGFR decreased from 92-87 mL/ min/1.73 m 2 in group A at 6 months (P , .05). Although the drop in glomerular filtration was most notable in patients with the greatest reduction in BP, the average eGFR drops were not clinically significant. ACR was unchanged and after 12 months of therapy, there was no further reduction in eGFR in this group. 89 Although the authors hypothesized that the observed decrease in eGFR was related to decreased renal perfusion pressure because of improved BP control, further data will be necessary to establish the safety of carotid baroreceptor activation in CKD.
Conclusions
Resistant hypertension is a common and growing problem. Absent the exclusion of pseudoresistance by assessment of home or ambulatory BPs and medication compliance, it is known as aTRH. Although not all patients with aTRH have CKD and not all patients with CKD have aTRH, CKD and albuminura are significantly associated with aTRH. ATRH appears to confer an increased risk of adverse renal outcomes and, to a lesser extent, adverse CV outcomes. Although event rates appear to be highest in patients with aTRH and known vascular disease or risk factors for vascular disease, patients with aTRH and CKD may have higher event rates than those with aTRH alone.
Treatment of the patient with aTRH is challenging, in part because of a paucity of clinical trial data to guide selection of combination therapies. Although not specifically tested in patients with aTRH, a sodium-restricted diet along with weight loss and moderation of alcohol intake still form the mainstay of nonpharmacologic therapies. Patients with CKD and aTRH present unique treatment hurdles with respect to diuretic selection and eligibility for addon therapy with aldosterone antagonists.
In the absence of trial data specific to patients with aTRH, the choice of individual antihypertensive agents in patients with aTRH is based on a combination of addressing each of the major pathophysiologic contributors to aTRH and using therapies with proven benefit on CV outcomes in patients with non-aTRH. In the presence of coexisting CKD, treatment is also driven by CKD pathophysiology and safety concerns. Device-based therapies, including renal denervation and carotid baroreceptor activation, warrant further investigation.
